Metabolic acidosis is considered deleterious but is common in post-surgical patients admitted to intensive care unit. We evaluated the prevalence and time course of metabolic acidosis in elective major surgery, and generated hypotheses about causes, by hourly arterial blood sampling in 92 patients. Metabolic acidosis began before incision and most had occurred by the next hour. Seventy-eight per cent of patients had a significant metabolic acidosis post-operatively. Two overlapping phases were observed. The early phase started before incision, characterised by a rising chloride and falling anion gap, unrelated to saline use. The late phase was partly associated with lactate, related to surgery type, and early fluids appeared protective. There was a trend towards longer intensive care unit (þ1.3 days) and hospital (þ3.2 days) stay with metabolic acidosis. This is the first large study of the evolution of this common finding, demonstrating a preincision component. The early phase appears unavoidable or unpredictable, but the late phase might be modified by early fluid administration. It remains unclear whether acidosis of this type should be avoided.
Introduction
In health, the extracellular fluid hydrogen ion concentration is tightly controlled. Increases, particularly those due to metabolic causes, are therefore likely to represent significant homeostatic derangement and also to be potentially harmful. Accordingly perioperative metabolic acidosis (MA) is of concern to the anaesthetist. Although post-operative MA has been recognised for over a century, it remains poorly studied. 1, 2 A recent study reported a 58.1% prevalence of significant post-operative MA (standard base excess (SBE) <À2 mEq l À1 ). 3 However, the authors did not investigate the evolution of the acidosis. Other studies are too small to estimate the prevalence of acidosis, but invariably report that it occurs. 1, 4, 5 There is some evidence that perioperative MA is associated with poor outcomes. 3 This study first aims to define the prevalence of MA in elective major surgery and to examine the time course of its development. Second, it aims to generate hypotheses as to the causes and examine whether a MA is associated with poorer outcomes.
Methods
Ethical approval was granted by the Bradford Research Ethics Committee (07/H1302/63).
We conducted a prospective single-centre observational study in a 1100 bed teaching hospital. We recruited adult patients undergoing elective major surgery requiring intra-arterial pressure monitoring and post-operative intensive care unit (ICU) admission. Between November 2008 and February 2012, we assessed a convenience sample of 101 patients for inclusion in the study. Of these, 92 provided written informed consent to take part and all were included.
We sampled arterial blood with the patient awake, at skin incision, and every hour subsequently. Samples were also taken on admission to the ICU, and 12 hourly thereafter until the arterial catheter was removed. Blood samples were analysed using a Cobas B221 device. The anaesthetist was blinded to the results of blood gas analysis, except on request for clinical purposes, and as a purely observational study all treatment was left to the discretion of the anaesthetist as per their normal practice. Simultaneously we recorded blood pressure, heart rate, temperature, CVP (if available), tidal volume, respiratory pressures, respiratory rate, end-tidal CO 2 , and the administration of fluids and drugs. Surgery was classified into three groups: body surface (mainly head and neck cancer resection), open intracavity (upper and lower gastrointestinal resection and aortic surgery), and laparoscopic (gastrointestinal resection).
We used SBE as the main indicator of MA. 6, 7 In order to help elucidate the cause of any acidosis, we calculated the strong ion difference (SID) as [Na
]. We analysed data using Stata 11.2 (StataCorp, 2009). The primary outcome variable was the prevalence of significant acidosis at each measured time point, defined as a SBE below À2 mEq l
À1
. Secondary outcome variables were the values of pH, SBE, CO 2 , SID, AG and relevant anions such as lactate, at each measured point during the follow-up period. For comparisons between time points, data were tested for a normal distribution and a paired Student's t-test was performed. Clinical outcome was compared using ICU and hospital length of stay and mortality.
We estimated using worst-case figures (a prevalence of 50%) that a sample size of 96 patients would give a 95% probability of being within 10% of the true value for the primary outcome. For the secondary outcomes, our analyser is accurate to approximately AE1% for each variable. With 96 patients the standard error of the mean at each time point would therefore be accurate to approximately AE0.1%.
We created the hypothesis-generating regression models to explain acidosis occurrence by starting with a model including all variables of interest, and using a manual backwards stepwise regression approach whilst monitoring the adjusted R 2 . We produced a final model for comparison using only the selected variables, to check that the coefficients were similar to the initial model. Factors included were the volumes of different types of fluid given in the preincision period, the rates of each type of fluid given intraoperatively, the use of vasopressors and blood pressure drop pre-incision, time between induction and incision, surgery type and duration, patient age, anaesthetic agent, and CO 2 change. We used fluid rates post-incision rather than absolute volumes for the analysis because of collinearity between surgery length and absolute volume of fluid received.
Results
Ninety-two patients were recruited during the study period -their characteristics are given in Table 1 .
Two patients are missing initial blood gas data and were excluded from the results. There were three deaths. The main fluid used was Hartmann's solution, with some starch and gelatine use which was standard practice at the time. 0.9% saline, where used, tended to be continued from the ward or used either side of blood administration.
By the end of surgery 70 patients (78%) had a significant MA (SBE <À2 mEq l À1 ); in 37 patients (41%) the SBE was below À4 mEq l À1 . The prevalence rose during the course of surgery (Table 2, Figure 1 ), but notably 32 patients (36%) already had a significant MA at incision, a mean of 55 min after the induction. Table 3 gives secondary outcome measures.
Regression analysis
As a result of the findings, we split the hypothesisgenerating regression analysis into two phases: preand post-incision.
Pre-incision. In the pre-incision analysis, no measured factor was a significant predictor of the change in SBE; the adjusted R 2 for the model was 0.04 (unadjusted 0.24) -pre-incision acidosis development did not appear to depend on any of the factors measured. It appears that this pre-incision acidosis is either unavoidable with the anaesthetic techniques used in this study, unpredictable, or related to unmeasured factors.
To investigate whether the acidosis seen pre-incision was related to fluids infused, post hoc subgroups were defined by whether or not the patient had received any unbalanced fluids (predominantly saline) pre-incision. Most changes were similar between the two groups; the base excess dropped slightly more in the unbalanced group but this difference was not statistically significant (change of À1.1 mEq l À1 versus À0.7 mEq l À1 , p¼ 0.09). The measured bicarbonate dropped more in the unbalanced group, reaching statistical significance but the difference between groups was small (change of
Post-incision. The regression model for post-incision acidosis fits much better, with an adjusted R 2 of 0.50 (unadjusted 0.64). The main predictors are listed in Table 4 . The adjusted R 2 of a model including only these factors was 0.51 (unadjusted 0.55). Surgery length was non-significantly correlated with a decreased acidosis possibly due to the tendency for the less invasive body surface operations to be the longest.
After surgery
Intensive care admission and 12 h SBE are given in Table 2 . At 24 h the prevalence of significant MA was 34% of the 50 patients who still had arterial monitoring in place, although less acidotic patients were more likely to have arterial catheters removed, skewing this finding.
We also tested the effect of the presence of a significant MA at the end of surgery on ICU and hospital length of stay. Given our relatively small numbers it was not surprising that neither effect was statistically significant, but a regression model controlling for patient age, surgery type, and surgery length suggested a trend for both longer ICU stay (1.3 days extra, 95%CI 2.8 days extra to 0.2 days shorter) and longer hospital stay (3.2 days longer, 95%CI 8.9 days longer to 2.6 days shorter).
Discussion
Our data confirm the high prevalence of MA after major surgery; 78% of patients had a significant MA post-operatively. However, the findings that this had already occurred in 36% of patients by the time of incision, and the time course of its evolution, are previously unreported. The magnitude of the postoperative acidosis (SBE À3.4 mEq l À1 ) is in line with previous studies. 1, 3 Our initial theory was that perioperative MA would be a 'lactic acidosis' (i.e. accompanied by rising lactate), due to the neurohumoral 'stress response' to surgery with several putative mechanisms. First, increased circulating catecholamines drive glycolysis to produce pyruvate, but because the Krebs mechanism is swamped, it is shunted to lactate. Second, redistribution of blood flow (e.g. away from the gut) may result in regional hypoperfusion, resulting in anaerobic glycolysis and lactic acidosis.Third, fluid loss may result in hypovolaemia and hypoperfusion. Fourth, the inflammatory response may itself directly affect cellular energetics (e.g. the downregulation of pyruvate dehydrogenase by TNFa) to inhibit ATP production. Thus, we expected the acidosis to follow incision and be related to the magnitude of the surgery. Whilst we did see the latter effect, only around quarter of the acidosis was accompanied by lactate. However, the most surprising finding was that the acidosis develops prior to incision. Our hypothesis therefore is that the acidosis has two phases and causes, outlined below.
Pre-incision
Seventeen per cent of patients were acidotic prior to the induction of anaesthesia. This was possibly due to pre-operative fasting, with a contribution from 0.9% saline 8 where it was used as a maintenance fluid on the ward; however, we lack the data to make further interpretation.
Unexpectedly, the mean SBE dropped by 0.9 mEq l À1 between the induction of anaesthesia and incision. Whilst this was associated with a 1.4 mmol/l rise in serum chloride, it is not clear that 0.9% saline administration was to blame as the acidosis was still seen when only balanced fluids had been given preincision. Also, the regression analysis found no significant effect of fluid type or volume on the pre-incision acidosis. The fall in SID more than accounts for the change in SBE, and the AG falls rather than rises, suggesting that unmeasured anions (e.g. administered drugs) are not significant causes. The Hamburger phenomenon also appears to be unlikely as there is an increase in the PaCO 2 rather than a decrease.
Desflurane, which was used for the maintenance of anaesthesia in most patients, has been shown to produce a MA in healthy volunteers not undergoing surgery, of a similar magnitude to that found pre-incision in this study. 9 Acidosis has also been reported for other volatile agents in humans 10 and animals. 11 It seems likely that this is responsible for much of the acidosis seen pre-incision in this study; the mechanism is unclear except that it does not appear to involve unmeasured anions. Some older evidence points to an expansion of fluid in the extracellular space at induction with general anaesthetics, which could lead to a dilutional acidosis without the need to blame 0.9% saline. Whilst these studies used older anaesthetic agents, the effect was present with both intravenous 12 and inhalational 13 agents -suggesting it is related to anaesthesia itself rather than a specific drug. As most cells contain relatively little chloride, the observed rise in chloride concentration is more difficult to explain if ECF expansion from intracellular fluid is the cause, although erythrocytes contain more than most cells (approx 90 mmol l À1 ). 14 
Post-incision
The acidosis continued to develop after the start of surgery though mostly in the first hour. The AG and SID fell, suggesting that the acidosis continued to involve only measured ions. The rise in chloride was insufficient for hyperchloraemia from fluid administration to be a major cause; 8 however, fluid shift from the intracellular to extracellular space appears to continue for several hours after the induction of anaesthesia. 12 The small rise in lactate suggests the acidosis which accompanies lactate production may have a contributory role, but insufficient on its own to explain the change in SBE seen.
The post-incision regression model fits the data well (adjusted R 2 0.51), although this was produced from the entire cohort and not validated separately. The appearance of surgery type was not surprising though the numbers were too small to determine any difference between laparoscopic and body surface surgery; it seems plausible that open-cavity surgery would result in the greatest metabolic disturbance. The lack of effect of operation length, in contrast to previous data, 3 may reflect the more varied types of surgery in this study, particularly the fact that the longest operations tended to be relatively less invasive maxillofacial operations.
The main predictors of MA after surgery type appear to relate to fluid administration. Fluid given prior to incision appears to protect against acidosis, even if the fluid is saline which is known to cause an acidosis itself in large quantities. 8, 15 The protective effect seems most likely to relate to volume expansion, especially given the ratios of the volumes required to protect against a 1 mmol/l fall in BXS which match the experimentally determined ratios of volume retention at 6 h in volunteer studies. 16, 17 Other than Hartmann's solution, fluid given later on seems to predict a worse acidosis -although this was only statistically significant for gelofusine and blood. Acidosis from saline administration might be explained as hyperchloraemic in origin, 8, 18 but blood and gelofusine would not be expected to cause this. 17 Blood and colloid administration may merely be a marker for increased blood loss, hypotension, or more invasive surgery. However, vasopressor use did not appear in the final model, which seems counter to this.
Apart from fluids and surgery type, the only other significant predictor of acidosis was a change in arterial pCO 2 . A 1 kPa rise in pCO 2 predicted an increase in SBE of 0.27 mEq l À1 . Whilst it is not impossible that the causation is in the opposite direction, we assumed that the pCO 2 was under the control of the treating anaesthetist -albeit generally by reference to end-tidal pCO 2 which may start to gradually underrepresent the arterial pCO 2 under anaesthesia. 19 In addition, if the acidosis were causing the change in pCO 2 , a rise in pCO 2 would be expected due to the liberation of carbon dioxide from bicarbonate; our study found the correlation to be in the opposite direction. The effect may result from changes in cell membrane ion transport (intracellular buffering) 20 or may represent the early stages of renal compensation which can be observed over time periods as short as an hour despite taking longer to fully oppose the pH change. 21 
Effects on outcome
Whilst there was no statistically significant effect demonstrated of acidosis on ICU or hospital stay, there was a trend towards a clinically significant increase. The estimates are similar to other work. 3 However, it is unclear whether this represents an effect which could be modified by preventing the acidosis, or merely that the acidosis is a marker for patients with poor exercise tolerance or undergoing the most major surgery.
The vast majority of patients in this study survived to hospital discharge; it is not possible to draw meaningful conclusions from the acid/base status of the three who died.
Methodological quality
This study was intended to evaluate the prevalence and time course of acidosis in surgery and to act as a hypothesis-generating tool to investigate possible causes. This is the first study which examines the time course of MA in such a large sample of patients. As in other studies, 1,3 the majority of patients were having open-cavity surgery where acidosis might be expected to be more common. The inclusion of body surface procedures acted as something of a control group, demonstrating that it is not just surgery traditionally regarded as high risk which can produce this phenomenon. The patient sample is fairly typical for elective admissions to critical care in a large UK hospital.
Whilst hourly per operative sampling is novel, we only measured parameters available on a standard analyser. Measurement of other charged particles such as plasma proteins and Krebs cycle intermediates may be useful. Assessment of the plasma and extracellular volume would also have been useful, albeit very difficult to measure on an hourly basis.
The post-incision regression model has a high coefficient of determination, suggesting that the measured predictors explain just over half of the variation in acidosis. However, the pre-incision regression model explained almost none of the early acidosis. It may be that further unmeasured predictors would have helped such as patient comorbidities or it could be that the study sample was too homogeneous. Given the possibility that the acidosis was caused by the use of volatile anaesthetic agents (particularly desflurane 9 ), the fact that all patients received either sevoflurane or desflurane as maintenance anaesthesia means that the study was unable to examine this factor. Additionally, as all patients in this study were necessarily 'higher risk' patients in whom an arterial line was being placed for their surgery, it would be extrapolation to assume this acidosis occurs in all anaesthesia, and further study on patients not bound for critical care would be enlightening.
Whilst the post-incision model is a good match for the observed acidosis, it cannot distinguish correlation from causation. Given that the main predictors relate to fluid administration it would be useful to know the reasons behind the choice of a specific fluid to help differentiate acid-base changes caused by the fluid from those caused by the event prompting fluid administration. Protocolised or even randomised fluid administration may help further, as well as helping to elucidate why the effects of hyperchloraemic acidosis 15 from saline did not appear to be significant in this study.
Conclusion
Significant MA at the end of major surgery has a high prevalence (78%). However, rather than being purely a product of time and surgical disturbance, it appears that the acidosis starts at the induction of anaesthesia and most of it has already occurred by the first hour post-incision. These are novel findings.
The acidosis appears to occur in two overlapping phases. The first starts at the induction of anaesthesia and is characterised by a rise in chloride and a fall in the AG, so does not appear related to lactate or other unmeasured anions from tissue hypoxia. At least in the context of this study, it appears to be unavoidable -though this could also be a product of homogeneity in anaesthetic technique, or unmeasured predictor variables.
The second phase is much slower and is characterised by a rise in lactate, although a traditional lactic acidosis does not fully explain the acidosis. The rise in chloride seen may relate to this second phase or could be a continuation of the first phase. However, in this study there is evidence to suggest that the magnitude of the acidosis in the second phase is affected by pre-incision volume loading. Despite evidence that 0.9% saline causes a hyperchloraemic acidosis in large volumes, this study suggests that in the volumes used it had a protective effect along with Hartmann's solution and Volulyte, roughly in proportion with their 6 h volume retention. The second phase also seems to be influenced by 'surgical stress' both in terms of surgery type and surrogate markers for blood loss, i.e. the intraoperative infusion of blood and colloids. Lastly, this phase appears to involve an element of compensation for changes in carbon dioxide which is probably the start of renal compensation.
Whilst common, it is less clear from this study that the acidosis is deleterious. Whilst there was a trend towards increased ICU and hospital stay which agrees with previous data, 3 this may merely represent stratification of more complicated surgery beyond the three main groups of surgery type; or patients with a poorer premorbid state may be more prone to acidosis and also require more time in ICU and hospital. Our results do not give a clear indication that MA of the type seen in this study is necessarily to be avoided. 22 
